Gold nanostars (NStars) are highly attractive for biological applications due to their surface chemistry, facile synthesis and optical properties. Here, we synthesize NStars in HEPES buffer at different HEPES/Au ratios, producing NStars of different sizes and shapes, and therefore varying
INTRODUCTION
Gold nanoparticles (Au NPs) are attractive for interacting with biological systems due to their small dimensions, surface chemistry and optical properties. They can be synthesized in a variety of sizes and shapes, resulting in different chemical and physical properties. Au nanostars (NStars), highly branched gold nanocrystals 1 or nanoflowers 2 , are of particular interest because minor shape modifications enable manipulation of their optical properties. They possess a surface plasmon resonance (SPR) peak that is tunable throughout the visible and near IR spectrum, resulting in different extinction profiles and therefore distinct colors [3] [4] [5] . Due to their sharp tips, NStars have a narrow SPR, facilitating selective excitation with a laser and enabling optical absorption tunability. 1, 6, 7 Furthermore, their synthesis is facile and can be done in an aqueous nontoxic buffer 1 , making NStars amenable for biological applications in targeted properties of NStars, a variety of synthesis approaches have been developed using different surfactants and reducing agents 6, 7, 13, 14 , which can yield to the formation of NStars of different symmetries. Nevertheless, many applications of nanostars are complicated by the lack of a simple manner to quantify their concentration. Au NStars absorb strongly in the visible spectrum. Their molar extinction coefficient, ε, is a fundamental parameter that allows for quantifying their concentration, and is thus critical for characterizing their behavior in therapeutic and sensing applications. ε is also essential for bioconjugation, as it allows for quantification of the biomolecule surface density and footprint on the NStars. Most importantly, understanding the relationship between ε and the NStar size/shape opens new avenues for the design of NStars with desired optical properties for particular applications, such as SERS 15 , two photon luminescence 5 , surface enhanced fluorescence, or localized surface plasmon resonance spectroscopy 11 .
For spherical Au NPs and Au nanorods (NRs), ε has been widely studied and characterized 14, 16 , and its dependence on nanoparticle physical dimensions is currently well understood. ε of nanospheres can be explicitly described as a function of nanosphere diameter, and thus can be calculated based on particle geometry. For NRs, both their SPR position and ε can be written as a function of their volume and aspect ratio. Agreement between experimental and computational models is generally very good. One model that has been widely used is the discrete dipole approximation (DDA), which relies on approximating a NP volume as an array of point dipoles,
and calculates the interaction of electromagnetic radiation with the dipoles. This allows prediction of the extinction, absorption and scattering of light by metallic NPs of arbitrary shapes. In particular, the Fortran code DDSCAT has gained increasing interest as a reliable tool for modeling the optical properties of gold NPs. However, differences between computational and experimental observations arise due to the variability in NP dimensions and shapes in solution, as well as interactions between NPs, which might not be accounted for in the computational model. and area and volume of the particles were calculated. The 3D models were meshed using Blender and exported as .obj files (Scheme in Supporting Information, Figure SI-1). After, DDSCAT Convert, from Draine and Flatau was used to convert the .obj file into a collection of dipoles, which were used as input by DDSCAT to simulate the optical properties of the NStars. The 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
RESULTS AND DISCUSSION

Synthesis and characterization of NStars
Au salts can be reduced in certain Good's buffers to form NStars. HEPES, in particular, is able to act as both a Au reducing agent and growth directing agent. HEPES reduces the Au 3+ ions into Au 0 22 , leading to the formation of gold NStars. The piperazine moiety of HEPES is thought to be responsible for the anisotropic growth of NStars 1 . We modified the HEPES reduction approach to tune the SPR across a broad wavelength range by varying the Au/HEPES ratio, a strategy that has been utilized in other NStar syntheses. 3 Tuning the Au/HEPES ratio changes the shape of the produced NStars, and thus results in NStars with different extinction spectra (see
Methods for individual NStar synthesis procedures). This produced suspensions with colors that
ranged from magenta to blue to green ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 if they were positioned in different configurations, obtaining a maximum difference in volume of 5% with different configurations. Therefore, NStars were modeled using the measured arm distances as the maximum lengths of the NStar arms, and the diameter of the maximum inscribed circle as the internal diameter of the NStars (Figure 2d ). For each synthesis, at least 100 NStars were measured for statistical significance. The measured NStar dimensions were used to draw the 3D models of the NStars in AutoCAD ( Figure 2d ); AutoCAD's functions _MASSPROP and AREA were used to calculate the volume and area of individual NStars (Table 1) .
Consequently, knowing the volume of individual NStars, the extinction spectrum of each NStar solution, and the total Au ion concentration in each solution, it was possible to determine ε expt for each NStar sample ( Simulating the extinction spectra by the discrete dipole approximation (DDA)
To gain further insight into the nature of the NStar ε, the extinction cross section of the NStars was simulated using the discrete dipole approximation (DDA) with the freely-available DDSCAT package. DDA approximates target particles of arbitrary geometries and complex refractive indexes, as an array of polarizable points located in a cubic lattice. We divided each
NStar volume into at least 20000 dipoles, as suggested by other reports 23 . We averaged the extinction cross section between light interacting with the particle at the three major perpendicular axes by rotating the nanoparticle with respect to the incident light. This allowed calculation of the extinction (Q ext ), absorption (Q abs ) and scattering (Q scat ) cross-sections (Supporting information SI-6). We used Q ext obtained from the simulations to calculate theoretical extinction coefficients (in units of M -1 cm -1 ) of the NStars (ε theory ) using the formula 17 :
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The simulated extinction cross-sections spectra of the NStars (Figure 3) showed that SPR redshifted with increasing arm length, analogous to the experimental results. Simulated spectra had narrower extinction full-width at half maximum (FWHM) compared to the experimentally measured spectra (Supporting Information, Figure SI-7) , which has also been observed for nanospheres, NRs 17, 24, 25 , and other metallic NPs 26 , and can be explained by the fact that DDSCAT approximates an ideal and monodisperse particle shape that does not interact with Figure 4b ), which has been previously reported for NRs 28 . We observed that values for ε theory tend to be lower than ε expt , which has also been observed for NRs 29 . Also, we could observe that the SPR maximum was linearly dependent on the V 2/3 of the NStars (Figure 4c ). Figure 4 shows that the SPR maximum can be used to approximate the NStar ε expt if the NStar dimensions or the plasmon absorbance data are available, and thus can be used to determine the NStar concentration in solution. The SPR maximum peak showed a linear correlation with the maximum arm length to core diameter (Supporting information, SI-9) 29 .
NStar bioconjugation to DNA and proteins
Because NStars are attractive for biological applications, we covalently conjugated them to ssDNA aptamers 30 and also antibodies that recognize mouse immunoglobulin G. We used the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 suggests aggregation of the NStar-DNA in solution as opposed to in an electric field. This difference in D H is somewhat expected given the different experimental conditions used to measure D H for gel electrophoresis vs. DLS. Ferguson analysis showed a decrease in NStar ζ (Figure 5f ) due to the negative charge of DNA. Conjugated gold NStars were retarded in gel electrophoresis relative to free NStars (Figure 5g) , revealing that the bound DNA affected both NStar size and charge.
We also explored bioconjugation of NStars to fluorescently labeled antibodies (IgG) via covalent attachment (see Methods). IgG loading on the NStars were 3.0±0.6, 5.7±1.2, 31.3±1.5 and 3.3 ± 0.1 IgG molecules per NStar for NStar200, NStar350, NStar500 and NStar750 respectively, measured from supernatant-loss of unbound antibodies. Ab loadings were calculated assuming a 67.5 nm 2 top view footprint of an IgG antibody and were 3-10x lower than described for nanospheres. 36 The lower loading of Abs could be due to the irregular surfaces of the NStars, where curvature effects could potentially be undesirable for conjugation to the relatively large Abs 37 . Extinction spectra were not significantly broadened after bioconjugation, suggesting that NStars were stable in solution after Ab conjugation (Figure 5a-d 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
NStar600, (6) NStar750, (7) NStar900, (8) NStar1000), e-i) TEM images of (e) NStar200, (f) NStar350, (g) NStar500, (h) NStar750, (i) NStar1000. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 and TBA DNA (red) g) gel electrophoresis in 0.5 % agarose gels in 0.5X TBE buffer. Lanes: 1) NStar200, 2) NStar200-DNA, 3) NStar200-Ab, 4) NStar350, 5) NStar350-DNA, 6) NStar350-Ab, 7) NStar500, 8) NStar500-DNA, 9) NStar500-Ab, 10) NStar750, 11) NStar750-DNA, 12)
NStar750-Ab. DLS spectra of h) NStar200, i) NStar350, j) NStar500, and k) NStar750, before conjugation (black dashed line), and after conjugation with TBA (red) and antibodies (blue). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
TOC figure
Page 27 of 33
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 82x132mm (300 x 300 DPI)
Page 28 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 66x53mm (300 x 300 DPI)
Page 29 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 63x49mm (300 x 300 DPI)
Page 30 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 82x146mm (300 x 300 DPI)
Page 31 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 177x128mm (300 x 300 DPI)
Page 32 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 46x11mm (300 x 300 DPI)
Page 33 of 33
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
